Detailed measurements of velocity and temperature in a primary channel of a beamed ceiling are presented in this paper as well as flow spillage under the beams. The data has been used to validate the empirical relation developed by Delichatsios and modify it for use in a more general situation. The primary focus has been to characterize the flow for beam depths that result in a ceiling jet to be in the transition between smooth ceiling jet flow and a corridor flow. As a result of this study, a modified empirical relation to calculate the ceiling jet temperature in a primary channel based on the ceiling heat transfer and the beam to ceiling height ratio has been presented here. The results tend to show that primary channel flow approaches a corridor flow for beam depth higher than 15 % to 20% of the fire to ceiling height.
INTRODUCTION
Ceilings may have obstructions such as beams, or surface mounted light fixtures, protruding as little as 10 cm (4 inches) below the ceiling. In case of beams, variations in the beam span, depth, width, all can affect the ceiling jet characteristics. In each of these cases, the ceiling obstruction affects the ceiling jet characteristics and can alter heat detector, automatic sprinkler and smoke detector response. This paper addresses those beamed ceiling configurations where: 1.
The ceiling obstructions create channels which does not restrict the flow of the ceiling jet in the direction parallel to the ceiling obstructions. 2.
The beam half-span, I,, is greater than the plume impingement region, I, > 0.2 H, where H is the ceiling height above the fire source.
In this paper, two key regions of the ceiling with beams need to be defined. First, C u r r e n t l y w i t h F i r e P r o t e c t i o n Design, I n c . , Warren provided theory and correlations which allow characterization of the fire induced ceiling jet under a smooth unconfined ceiling. Additional research has been conducted by many other investigators, however, the results of these studies are Figure la -Schematic of the apparatus sufficient for the intent of this discussion. In each of these studies, correlations have been developed which offer a functional relationship between the radial position, r, the ceiling height above the fire, H, the fire size, Q, and the temperature and velocity of the ceiling jet.
Under beamed ceilings, the flow cannot immediately be classified as axisymmetric or two-dimensional without a concern for the beam depth and spacing. As the beam depth increases, the ceiling jet flow is transformed into a twodimensional, corridor-type, flow. However, between the smooth unconfined ceiling and corridor flow lies the partially confined ceiling jet.
Under this condition, the ceiling jet will exhibit characteristics associated with both the smooth unconfined ceiling, and the corridor flow.
As a result, the parameters discussed for the smooth unconfined ceiling, (i.e., r/H and Q*), will also be important in the analysis of beamed ceiling jet flow.
Heskestad the primary bay is defined as an unrestricted channel wherein the fire plume impinges, and second, the secondary bay, which is an unrestricted channel adjoining the primary channel, at either side, where the fire induced flow is reached by spillage under the primary bay
that sprinkler actuation may be enhanced due to the channeling of the flow if a sprinkler was located in each ceiling bay. He also identified the key parameters affecting the beamed ceiling flow. Bill et al. configurations making correlation of the data quite difficult. In a more recent work, Koslowski and Motevalli [6] conducted an extensive study of the ceiling jet flow for a beamed ceiling using small-scale apparatus. Their study included measurement of velocity and temperature beyond a beam as well as within the primary channel. The results concentrating on the ceiling jet characteristics beyond a beam has been published previously [6] . This paper focuses on the flow behavior within a channel created by beams where the fire plume impinges and for the intermediate range of beam depths (i.e. 0 < d/H < 0.2). The amount of flow spillage under the beam and flow characteristics for such a d/H range are of interest for sensor placement under the obstructed ceilings.
THEORYANDBACKGROUND
Delichatsios [7] has presented the bulk of the theory regarding flows within a primary channel. His paper also presents correlations for the temperature and velocity of the ceiling jet within this channel. According to his work, the ceiling jet is initially axi-symmetric until it is intercepted by the beams. At this point a transition region begins until the flow converges to a two dimensional, channel flow. Upon intersection of the ceiling jet with the beams, a portion of the gases escape under the beam and into adjacent channels. The remainder of the gases flow within the channel in opposite directions. However, if the beams are sufficiently deep, large d/H, the leakage under the beams becomes small, and all of the fire gases are restricted to the primary channel. According to Delichatsios, this occurs at a beam depth to ceiling height ratio, d/H, of 0.2. Our work [6] The latter case is postulated to occur in accordance with the results of Delichatsios [7] . This flow regime contains no air entrainment into the ceiling jet resulting in limited reductions in both temperature and velocity. In addition, the ceiling jet flow is no longer expanding mi-symmetrically, resulting in smaller reductions in the ceiling jet temperature and velocity. Since little air entrainment is expected, Delichatsios states that reductions in the temperature of the ceiling jet are solely due to heat transfer to the ceiling.
Delichatsios [7] showed that the temperature of the fire plume at ceiling impingement, for the case of comdor flow, can be described by:
He arrived at equation (1) based on the conservation equations of momentum and energy. This shows an inverse dependency of AT on .&lH alone.
For the flow beyond the turning region, Delichatsios [7] developed the following relation for an average temperature within the primary channel. 
Equation (2), was developed based on assumptions of; no reduction in ceiling jet velocity, no air entrainment, constant gas properties, a constant ceiling temperature, and that the heat transfer coefficient is proportional to the flow velocity. Delichatsios reports the value of the Stanton number, St, to be 0.03. The constant Stanton number indicates that the combined effect of variations in the heat transfer coefficient, ceiling jet velocity and flow density results in a constant, which supports the assumption of limited air entrainment. The only configurations tested experimentally by Heskestad and Delichatsios [8] were for d/H equal to 0.111 and 0.20. Therefore, the results of their study are only applicable to those ceiling configurations. The value of the pre-exponential factor, "a", has been reported by Delichatsios for a beam depths of 0.20 and 0.111 to be 0.29 and 0.24, respectively.
Although temperature and velocity profile data were not collected by Delichatsios, he states that the ceiling jet profiles for Y > 1, should be uniform. Temperature and velocity profile data have been measured in this work to investigate this statement. Based on Delichatsios postulation [7] , the following would be expected for a subcritical flow within the primary bay:
1. Temperature and velocity profiles which are non-Gaussian and flat. 2. Limited air entrainment.
3.
Temperature reductions as a function of YIH which are a result of heat transfer to the ceiling.
An inherent difficulty with Eq. (2) is the relation between the center line plume temperature, AT,, and the fire size. Heskestad and Delichatsios [8] utilized a value of ATd(Q213Z-513) = 25.5, however, it has been shown that this value can vary significantly depending on the fuel source, geometry, environmental conditions and measurement approach [9] . A non-dimensional form of Eq. (2) as a function of AT' is presented (see Eq.
3) to reduce the aforementioned uncertainties. Notice also that the constant "a" is replaced with a constant "b" in the following equation: It is useful to point out two important boundary conditions which are expected to be maintained throughout this analysis. At d/H = 0, the beamed ceiling is actually a smooth unconfined ceiling. At d/H = 1.0, the configuration's upper limit (i.e. a comdor) is reached.
EXPERIMENTS
Extensive experiments, including flow visualization and measurement of ceiling jet temperature and velocity were conducted. The apparatus used for simulating the unconfined beamed ceiling configuration consisted of an insulated gypsum board ceiling, a premixed methane burner, a Cross Correlation Velocimetry (CCV) probe and data acquisition system. Figure l a shows the schematic of the apparatus. Detailed description of the apparatus has been provided by Koslowski and Motevalli [6] elsewhere.
Ceiling Jet Measurements
Ceiling jet temperature measurements were obtained with a thermocouple probe consisting of 18 E-Type (chromel-constantan) thermocouples with a wire diameter of 0.025 mm (0.001"). During the experiments, the probe was positioned under the beam and at several locations away from the plume turning region, along the centerline of the primary bay.
Cross Correlation Velocimetry (CCV) was utilized to measure the velocity and temperature of the ceiling jet simultaneously. This method has been extensively discussed and validated by Motevalli et al. [lo] . Six thermocouple pairs, separated by a known distance (typically 2-3 cm) were used to obtain velocity data at several points beneath the ceiling. Each thermocouple pair was used to obtain a single point measurement of the ceiling jet velocity and temperature. An additional 6 thermocouples were used to provide more details for the temperature profile. (see Koslowski [ l l ] for details). 
Experimental Range
21 0.074 0.3 0.5,1,1.6 the ceiling heat-up (transient) period 22 0.074 0.6 0.5,l for each of the experiments [ll]. The 23 0.123 0.3 0.5,1,1.6 flow spillage under the beam and its 24 0.123 0.6 0.5,l characteristics, quantified by velocity 25 0.175 0.3 0.5,1,1.6 and temperature profiles, were also 26 0.175 0.6 0.5,l examined. The details of the 27 0.276 0.3 0.5,1,1.6 experiments have been reported 28 0.276 0.6 0.5,l previously by Koslowski [I 11 and only a sample of the results are presented here.
RESULTS
The temperature of the ceiling jet flowing under the beam (see Fig. Ib, point A) , as a function of distance below the ceiling, is plotted in Figure 2 for various normalized beam depth (d/H). The profiles have been non-dimensionalized according to Eq. (4) and then normalized with respect to the non-dimensional maximum smooth ceiling jet temperature (AT*,,,,) [3] at the equivalent radial location (i.e., r/H=l,). The ceiling jet thickness is normalized by the thermal Gaussian width, I,, of the smooth ceiling jet [3] at the same equivalent radial location. The smooth ceiling temperature profile, based on Motevalli and Marks' correlation [3] , is also displayed for comparison. The beam position is indicated by the cross hatched box for each beamed ceiling case.
For this case, the maximum temperature occurs at between 4-5 cm below the beam, or at approximately z/H = 0.049 below the tip of the obstruction. According to Motevalli's correlations, the corresponding smooth ceiling maximum temperature occurs at about 4 mm below the ceiling, namely an increase in the ceiling jet thermal boundary layer of a factor of 10 [3] . The downward flow of the ceiling jet under the obstruction, producing a recirculation before and under the beam, causes this widening of the jet thickness and thus maximum temperature to occur at a much greater distance below the ceiling. The maximum temperature can be readily seen to decrease as the beam depth to height ratio increases.
The ceiling jet temperature profile is remarkably similar to that of the smooth ceiling jet, but much wider. The maximum temperature under the beam appears to occur within the recirculating zone under the beam. As in the case of the smooth ceiling temperature profile, a rapid decrease in temperature occurs below the beam once the maximum temperature is reached. From the figures and additional results (see [Ill) , it appears that beam spacing, l,/H, may significantly affect the flow behavior under the obstruction, however, variation of Q* has a negligible effect on the ceiling jet maximum temperature compared to the smooth ceiling case. 
Temperature Profiles Withii the Primary Bay
Temperature profile data for experiments 2 1,23, 25, and 27 are displayed in Figures  3, 4 , and 5. Each temperature. This can be attributed to increased entrainment and partial containment of the flow within the bay close to the impingement zone. As the beam depth is increased, the ceiling jet temperature is increased. This is simply a result of increased ceiling jet flow confinement caused by the beam.
Temperature profiles within the primary bay are not Gaussian and the profiles do not seem to be as "uniform" as predicted by Delichatsios. As Y/H is increased, the profile become even less Gaussian, as seen in Figures 4 and 5 The temperature profiles in Figure 3 indicate that at large d/H, experiments 25 and 27, there is a sudden change in the slope of the curves. It appears that the inflection in the temperature profile occurs at approximately zll, = 1.3. The profile shows a shooting boundary layer and a free jet region which is generated due to the flow containment by the beams and transition to a 2-D flow from an axi-symmetric condition. This behavior, interestingly, is seen for dlH> 0.15. This is in total agreement with the critical dlH value of about 0.15 determined for the secondary bay flow [6] . A close examination of Figures 3 -5 for d/H> 0.25 indicates a widening of the ceiling jet layer and dissipation of the lower free jet flow. This seems to indicate that a hydraulic jump may have caused the initial twotier profile (Fig. 3, d /H > 0.15) which is smoothed over as the flow proceeds down stream (Y/H=1.0 and 1.6).
Velocity Profile Data
The ceiling jet velocity was measured However, it is clear that magnitude of velocity has increased significantly when compared to the smooth ceiling jet. The data indicates that the ceiling jet velocity profile is flatter than the smooth ceiling jet profile at the same radial location.
Temperature Predictions in the Primary Bay Based on Heat Transfer Calculations
The prediction of the temperature within the primary bay based on Delichatsios's relation (Eq. 3) is compared with the experimental results. Figure 7 presents the nondimensional temperature for corridor flow (d/H = 0.2) and for d/H = 0.111 based on a pre-exponential factor and Stanton number determined experimentally by Delichatsios. The experimental data are from this study for the average nondimensional temperature from experiments 21, 23, 25, and 27.
The trend of the experimental data appears to follow the theoretical prediction very well. However, the magnitude of the temperature predictions by Delichatsios [7] (which are based on measurements from [4] ) are lower. Even for the smallest of beam depths, the ceiling jet temperature was recorded higher than the predicted value. This can be directly attributed to the more detailed temperature data collected and an improved measurement of
Calculation of St and b
Calculation of b o t h t h e p r e - points were used to determine the temperature profile.
As noted, the Stanton number utilized to predict the temperature in Figure 7 was that obtained experimentally by Delichatsios [7] . However, differences in the ceiling construction alter this value. Therefore, values for both the pre-exponential factor, b, and the Stanton number, St, have been calculated based on the experimental results of this study. It should be noted that our calculations are bound by the measurement range of 0.5<Y/H<1.6. Figure 8 . The trend of this figure indicates strong dependency of b on d/H. Measurements of velocity and temperature within the secondary bay, has indicated that even for d/H between 0.04 and 0.15, there is a significant reduction in the velocity and temperature compared to the smooth unconfined conditions [6] . In this case, the largest increase in the exponential factor occurs near a d/H=0.15. Therefore, as the greatest reductions in the temperature occur in the secondary bay, the largest increases in the primary bay temperature occurs (i.e. the spillage to the secondary bay reduces greatly). When d/H is greater than 0.15, the temperature in both the primary and secondary bay is much less affected by increases in the beam depth.
Based on the analysis performed here and presented in Figure 8 , the following correlation for evaluation of the pre-exponential factor (b) is developed.
CONCLUSIONS
Based on the determined functionality of the pre-exponential factor, Figure 8 , and the Stanton number, St = 0.04, Figure 9 shows the predicted and experimentally obtained temperature in the primary bay as a function of nondimensional coordinates for four beam depths (Note the axis of the figure are based on Delichatsios's formulation). The results displayed in Figure 9 indicate good agreement between the predicted and experimentally measured values. This is despite the fact that the correlation for b was derived from data of a single Q' and 1,IH condition (see Fig. 9 ).
The assumptions which have been made to obtain Eq. (3) include limited entrainment Data collected in the primary channel indicate that the assumption of sub-critical flow and reduced entrainment is valid. It has been shown that the ceiling jet temperature as a function of distance from the fire source, within the primary bay, is a function of beam depth to height ratio and beam spacing. The ceiling jet temperature reduction is a result of heat transfer to the ceiling and beams, not as a result of air entrainment, as found in the axisymmetric ceiling jet. and a constant heat 1.4 transfer coefficient. Based on the velocity 1.2 profile data shown in Figure 6 . and the ' temperature predictions Zh 0. 8 shown in Figure 9 , it = appears that these two The data and results indicate that two ceiling jet flow regimes exist under a beamed ceiling. The ceiling jet temperature and velocity is most greatly affected between 0 < d/H < 0.15. Within this range, the ceiling jet has a substantial increase of the temperature within the primary bay. Even at the smallest beam depth tested (dlH=0.048), the ceiling jet flow is significantly affected by the presence of the beams. Subsequent increases in the non-dimensional ceiling jet temperature and velocity are less dramatic for beam depth to ceiling height ratios greater than 0.2. The complexity of the beamed ceiling geometry makes generalization of the ceiling jet temperature and velocity data to heat detector response difficult. However, the approach presented in NFPA 72E [12] standard can be easily extended to include ceilings with obstructions using the correlations resulted from this work, within the stated limitations, along with the detector characteristics, room geometry, and the concept of a threshold fire size, Q,.
